Thermal effects are the main obstacle to getting high power and good beam quality in diode end-pumped solid-state lasers. In this work, a theoretical investigation of thermal effects in single and dual end-pumped solid-state lasers is carried out using finite element analysis (FEA) for a selected number of widely used laser producing materials, namely, Nd:YAG, Yb:YAG, and Nd:KGW. Crystals with different dimensions are also investigated both in single and in dual end-pumped configuration. Finally, the effect of using composite crystals on thermal lensing is investigated. An experiment to measure the thermal focal length for two different crystals was carried out and a comparison with FEA computed focal length of the thermal lens is made. In all cases studied in this work, results show clear effects of thermal lensing with some differences depending on crystal type, pump power, and size.
Introduction
Obtaining high power output in diode pumped solid-state (DPSS) lasers with good beam quality is limited by the thermal effects in the laser crystal which induce thermal lensing and losses due to depolarization and cracks in the laser crystal [1] [2] [3] .
For these purposes, a longitudinal pumping configuration was developed which is called end-pumped solid-state lasers which give high quality output beam and efficiency in comparison to side pumped lasers. For this goal, a fiber-coupled diode laser is used to pump the laser crystal longitudinally, and the end of the fiber is coupled to microlenses to adjust the pumping beam shape to match the mode TEM 00 of the laser resonator to make use of all the output power of the diode laser [4] . Using fiber-coupled diode lasers provides a uniform pumping beam but the drawback is the focusing of high power on a small area of the face of the laser crystal which results in generating a large temperature gradient between the crystal center and the outside surface which gives thermal lens and stresses and birefringence [5] . In this work, we carried out FEA calculations for a selected number of laser producing crystals with different dimensions for a number of sizes and pumping parameters; we discussed the results and compared some of them to the actual experimental setup which gives us a better understanding of the numerical results and their deviation from the real measurement.
Thermooptic Effects
The difference between the energy of pumping photons and the energy of laser's photons in optically pumped solid lasers using diode lasers and quantum defects, which are called quantum defect heating, is the main reason for the heat generated in the crystal lattice of the lasing medium in addition to heat resulting from transfer of non-laser-emitting upper levels to ground levels [6] .
The amount of heat generated inside the laser rod resulting from the absorption process of pumping light is dissipated by a heat sink on the surface of the laser rod cylindrical length; this is a condition of steady state assuming uniform internal heat generation. We can get such a setup using symmetrical pumping beam. End-pumping using a diode laser coupled with an optical fiber gives such beam distribution. Assume homogeneous cooling on the surface of the laser rod, which means the temperature at each point along the axis of the crystal is fixed and the thermal conductivity coefficient is independent of temperature [7] .
Under these assumptions, we can write a differential equation for thermal transfer in a cylindrical crystal as follows [1, [6] [7] [8] :
( , ) is the temperature in kelvins as a function of radial distance and position along the -axis, is the thermal conductivity (W/m⋅K), and ( , ) is heat in unit volume.
Thermal distribution within a laser crystal is a function of absorbed power density, which in turn takes the form of distributed light pumping at any vertical section on the axis of the laser crystal and parallel to the pumping beam. On the one hand, the intensity of light pumping decreases along theaxis, subject to the law of absorption; ( , ) can be given in a number of forms depending on the beam shape, for example, flat hat, top hat, Gaussian, or super Gaussian [9] .
Boundary conditions are set based on the assumption that the side surface of the laser crystal is in direct contact with the heat radiator, generally made from a piece of copper in contact with a chiller. The first boundary condition is the continuity of thermal flow through these surfaces [7] and the second boundary condition is ( ) = , where is the temperature set by the chiller.
The change in the refractive index can be separated into two terms: the first part depends on the temperature distribution and the second part depends on the strain [6] . So, we can write
where n( , ) is the total index of refraction, Δn( , ) T is the part of index of refraction related to temperature, Δn( , ) is the part of index of refraction related to stress, and n 0 is the material index of refraction.
Theoretical Calculations and Results
In this work, we carried out a finite element analysis study for three common types of solid-state laser crystals, namely, Nd:YAG (neodymium-doped yttrium aluminum garnet), Nd:Y 3 Al 5 O 12 , Yb:YAG (ytterbium-doped yttrium aluminum garnet), and Nd:KGW (neodymium-doped potassiumgadolinium tungstate crystals (Nd:KGd(WO 4 ) 2 ). We studied thermal and stress properties within crystals choosing different dimensions for crystals and different pump power values as shown in Table 1 (a). We also explored dual pump configuration for the same crystals, for the three selected cases listed in Table 1 (b); finally, we studied the effect of using a composite material on thermal effects in the selected crystals listed in Table 1(c) .
In all calculations, LASCAD code [9] is used to implement thermal and structural finite element analysis (FEA). The method used depends on building a network of rectangular elements within the crystal connected to smaller irregular elements on the boundaries [10] . LASCAD code is used to calculate thermal and structural effects generated in laser crystals. Finite element analysis is used to solve partial differential equations. The code allows the user to change dimensions of crystals, pump power, and beam profile in addition to many other parameters. The parameters used in this calculation and physical properties of the materials studied are listed in Table 2 .
Temperature Distribution.
In the end-pumped setup, the distribution of the temperature inside the laser crystal is a function of the absorbed power density, which in turn takes the shape of distributed light pumping at any vertical section on the axis of the crystal laser and parallel to the trend of pumping beam; on the one hand, the intensity of light pumping decreases along the -axis and is subject to the law of absorption. The thermal gradient gives a gradual change in the index of refraction of the crystal and leads to the formation of a thermal lens.
In this work, we carried out finite element analysis to calculate the temperature distribution in crystals of different types with different dimensions, different pump power, and dual pump for some cases, as listed in Table 1 . Results for temperature distribution for Nd:YAG crystal with different lengths and diameters are listed in Figures 1 and 2 , and results for Nd:KGW are listed in Figure 3 and results for Yb:YAG are listed in Figure 4 . All cases listed in Table 1 Advances in Optical Technologies temperature profile to those listed in Figures 1-4 . We note that absorption length of Nd:KGW crystal is much shorter than that of Nd:YAG and Yb:YAG. The maximum temperature within crystals is listed in Table 3 . Figure 5 gives the index of refraction profile for selected crystals; other calculated values showed similar patterns.
Stress Distribution.
The irregular distribution of heat also leads to the exposure of the crystal to mechanical stress. The outside surface temperature of the cylindrical laser crystal is fixed by a coolant and thus subject to contraction while the heat generated inside the crystal will cause its expansion; for this reason, interfaces areas are subject to mechanical stresses that result in the creation of nonhomogeneity and the emergence of double refraction which produces loss due to polarization and a thermal lens is formed. Results of stress intensity in N/mm 2 are listed in Figures 6 and 7 for selected cases. We note that the stress is maximum around the area with the maximum temperature in all cases studied.
We note that stress values remained within a safe distance from the stress fracture point [4] for all cases studied except for ND:KGW crystal pumped with 20 watts. Stress distribution deserved a more detailed theoretical and experimental study, probably taking into account any mechanical stress resulting from mounting and fastening of the crystal in the casing.
Crystal Size and Pump Power.
We calculated temperature distribution for crystals listed in Table 1 (b), with results listed in Figures 8, 9 , and 10. From the results listed in Table 3 and Figures 8-10 , we see that crystal size does not significantly affect the temperature drop and its effect on the maximum temperature ( max ) is less than 10% for the cases studied.
We note from Table 3 an increased absolute temperature of the center for the crystal of about of 6 degrees, when the radius of the crystal is increased by 2 mm for Nd:YAG, and 38 degrees in case of Nd:KGW.
For practical reasons, we cannot reduce the absolute temperature using smaller crystals because the crystal is small to begin with and it is very difficult in practice to cut and refine crystals of radius less than 2 mm and thus it can be concluded that the cross section of the crystal is not a parameter which can be changed effectively.
From the calculated results, we see that temperature within lasing crystals scaled linearly with pumping power.
We also investigated dual pump configuration for cases listed in Table 1 (b), with results of temperature distribution and stress intensity listed in Figure 11 . We note that the maximum temperatures are close to those of single pump configuration but duplicated at both ends which will create higher stress and thermal gradient within the crystal. We also note that the two separated absorption zones shown for all three cases in Figure 11 will result in significant depolarization in the crystal and it would be best to adjust the pump wavelength and rod length to the absorption profile with the minimum longitudinal variation.
Composite Crystal.
Great thermal gradient appears near crystal surface in longitudinally pumped systems; this in turn causes the formation of thermal lenses and causes light deflection.
We can reduce the temperature gradient within the crystal by using composite crystals which have undoped caps which play the role of coolers at the two ends of the laser crystals and help in heat dissipation without abstracting the optical path.
From Figures 12, 13 , and 14, we can see that numerical calculations showed that the maximum temperature of the center for a crystal in a 3 mm diameter Nd: KGW pumped with energy 10 W laser is up to about 880 K which can be reduced to about 600 K by adding crystals KGW with the same diameter and length of 3 mm. The undoped part of the crystal does not contain thermal sources and contributes to Advances in Optical Technologies 
Experimental Measurement of Thermal Lens
In order to measure thermal effects, we used the following diode laser to pump some of the crystals studied theoretically and compare the experimental results to FEA predicted values.
The diode lasers used for pumping have an optical aperture of 400 m and 600 m, with an SMA connector, variable output power up to 30 W, and wavelength of 808 nm (±3 nm), where the wavelength can be changed by changing the diode laser temperature. After exiting the optical fiber, the laser beam goes through a collimating and focusing optic fiber to reach the lasing crystal surface.
One method of measuring thermal lens is the geometrical method based on beam focusing; the idea of this method depends on passing helium-neon laser beam through a laser crystal during the pumping process; the optical path of the helium-neon laser beam does not show any change in the absence of pumping while suffering from the impact of the thermal lens with an increase in pumping power.
As can be seen in Figure 15 when starting the optical pumping of the laser crystal, the helium-neon laser beam converges as a result of the thermal lens within the crystal Nd: KGW as a result of pumping. By adjusting the CCD camera position, we can locate the position of the focal point of the helium-neon laser beam and we can measure the focal length of the thermal lens. Table 4 shows the thermal focal length calculated using FEA for selected cases.
Following the method mentioned above, we found that the focal length formed by the thermal lens in Nd:KGW crystal formed at pump power of 10 W is 138 mm from the face of the crystal. Comparing this result with the theoretical value of 154 mm calculated using FEA, we find that the measured value is 10% stronger than the predicted value; in our opinion, this is probably due to the fact that the heat source was concentrated in the center of the rod and there could have been heating in addition to quantum defect heating.
Under the same conditions, we found that the lens formed in Nd:KGW crystal has stronger thermal focus than the lens formed within the Nd:YAG crystal. This is because Nd:KGW has much higher absorption resulting in a substantially reduced cooling area and that is why the end cap on the composite rod improved KGW performance. thermal lensing, which makes it a perfect tool to aid in designing and implementing solid-state lasers. We note the following:
Conclusions
(i) In all cases studied, a thermal lensing effect was visible and it ought to be taken into consideration in all types of DPSS lasers.
(ii) Using a composite crystal reduced thermal and stress effects to less than 10% in all cases studied except for the case of Nd:KGW where the maximum temperature was less by about 30% when the composite crystal is used; this is due to the short absorption path in this material which concentrates temperature over a relatively short distance and thus increases dissipation effects of undoped caps.
(iii) Nd:KGW crystals are suitable to build high power diode end-pumped solid-state lasers; because of the short absorption length in Nd:KGW, we can build a short resonator. However, adding caps to the composite KGW rod reduced thermal effects and could improve performance.
